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Abstract 
 
The study of 2D semiconductor materials has been proposed as one of the most 
promising candidates to resolve the problem of upcoming limit of CMOS fabrication 
technology in downscaling. We can further shrink the device channel length and gate 
thickness to atomic scales considering the thin layer properties of 2D semiconductors. 
The semiconducting material molybdenum disulfide (MoS2) has attracted more attention 
for its possible application of into field-effect transistors (FETs) with its proper energy 
bandgap. This study therefore investigates the low frequency noise characteristics of the 
two-terminal few layer 6nm thick MoS2 device grown by Chemical Vapor Deposition 
(CVD). We focus on the transport mechanisms of the few layer MoS2 channel rather than 
the influence of metal contacts. Studies of the device noise transport characteristics at 
temperatures ranging from 10K to 296K were conducted regarding different carrier 
transport mechanisms so as to reveal the relation between these two important device 
concepts of interest. As it has been revealed before, the carrier transport study suggests 
that the device is dominated by thermally activated band transport at T>180K, Efros-
Schklovskii hopping when 50K<T<180K, and resonant tunneling when T<50K. The low 
frequency noise result of such device is dominated by mobility fluctuation mechanisms 
when T>180K, corresponding to the band transport mechanism. Such result could be 
attributed to the material crystal quality as the mobility increases with increasing 
temperature, suggesting the dominance of impurity scattering mechanism under all 
ranges of temperatures measured. Also, the variable range hopping noise signatures are 
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also observed when 75K<T<180K, which indicated the consistence of low frequency 
noise study and carrier transport phenomena. When T<50K, ubiquitous phenomenon of 
non-Lorentzian power spectrum density was observed potentially related to resonant 
tunneling mechanisms. The study of low frequency noise would be meaningful for 
further applications of such low dimensional semiconductor materials system considering 
the high surface to volume ratio. The clarification of various carrier and noise transport 
mechanisms would be therefore informative for further investigation and development of 
such materials. 
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Chapter 1:  Introduction 
 
1.1 General Introduction of 2D Semiconductive MoS2 Materials 
The electronic device development was limited for further progress in regards of the 
semiconductor device scaling and performance. Stated by the Moore’s Law, the 
integration of transistors is doubled in approximately every two years. The traditional 3D 
silicon based electronic device design would reach the limit of integrated circuits as we 
need to accommodate increasing number of transistors on the limited area of the chip. 
Potential solutions to this challenge includes the investigation and application of new 
electronic materials, or apply another possible device design.  
 
The 2D semiconductor family of materials has been suggested to further application in 
solving such problems by the researchers [1] for its promising performance and thin layer 
structure in scaling down. The main focus was classified into application [2] of Graphene 
as an electrical conductor, Hexagonal Boron Nitride (h-BN) as an electrical insulator, and 
Transition Metal Dichalcogenides (TMDC) as semiconductors. Regardless of MoS2 or 
Graphene, they are fairly stable within the 2D layer and connected by Van der Waals [2] 
forces between layers. The semiconductive material MoS2, as a typical member of 
TMDC, has attracted more attention for its possible application in sensors, digital and 
optical electronics [3,4,5] with its proper energy bandgap. It has a bandgap Eg = 1.2~1.8 
eV dependent on the layer thickness [6] while Eg=0 for Graphene without special 
structure treatment [7]. Few layered MoS2 materials attracted the attention of research for 
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its potential of industrial large-scale growth and high speed transport properties. 
Currently, researchers had demonstrated top-gated MoS2 devices using HfO2 as gate 
dielectric material, back-gated MoS2 devices on Si/SiO2 substrates [8] for digital 
electronics application. Heterojunction devices of WSe2 and MoS2 [9], Graphene and 
MoS2 [10] suggested its bright future on various field of applications of hetero-tunnel 
diodes, and flexible electronics. These devices built on 2D MoS2 are either mechanically 
exfoliated [11], or grown by chemical vapor deposition [12] (CVD), pulsed laser 
deposition [13], physical sputtering using RF magnetron system [14] etc. 
 
1.2 Introduction to the Importance of Low Frequency Noise Study 
The noise in the circuits refers to the spontaneous fluctuations of the system when 
measuring or amplifying small input signals [15]. There are two general categories of noise 
of system: random noise and systematic noise. The first one is generally to be analyzed 
with multiple statistical and physical theories of the signals. The second one is usually 
idiosyncratic to the measurement conditions as background noises while could be avoided 
with proper experiment design setup. Modelling and simulation on the noise characteristics 
of the circuit is important in defining the physical limits of the signal sensitivity to be 
applied to the system. The accuracy of measurements and strength of applied signals is 
defined therefore to ensure the proper operation of the integrated circuit, because the noise 
cannot be reduced with the increase of measurement time. 
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Researchers have focused on various noise sources considering their characteristics and 
applications. For example, the Johnson noise [15] in an electronic component, typically a 
resistor, could be used to measure the Boltzmann constant with temperature dependent 
measurement of signal fluctuations; the shot noise [15] in a pin photodiode could be used 
to measure the electrical unit charge. The low frequency noise, as the main subject of 
research in this study, is one of the most important component of high frequency phase 
noise [16]. The study of such topic would be informative for the device characteristics over 
a wide range of frequencies. Also, the specific properties of the low frequency noise 
spectrum could be used to analyze some important properties of devices [17]. Analysis of 
the interfacial trap density of gate and channel, activation energy of trap states could be 
achieved from the carrier number fluctuation model of low frequency noise transport [17]. 
One could reduce the system noise through the improvement of device mobility from the 
estimation of mobility fluctuation model. The general classification of such mechanisms 
could be summarized in Equation 1, 2.  As proposed by Hooge’s Empirical Relationship 
[17], the Normalized Power Spectrum Density could be modeled as shown in Equation 
below, SI refers to power spectrum density which is defined as the RMS value of noise 
signal over a unit range of frequency as shown in Equation 3 below. Further discussion of 
low frequency noise and carrier transport would be elaborated in Chapter 3 of this article. 
ఋூమ
ூమ
= ఋఓ
మ
ఓమ
+ ఋ௡
మ
௡మ
= 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑃𝑜𝑤𝑒𝑟 𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚 𝐷𝑒𝑛𝑠𝑖𝑡𝑦   (1) 
ௌ಺
ூమ
= ఈಹ
 ே
𝑓ିఉ = 𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑃𝑜𝑤𝑒𝑟 𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚 𝐷𝑒𝑛𝑠𝑖𝑡𝑦    (2) 
𝑆ூ = < ∆𝑉
ଶ >
∆𝑓ൗ         (3) 
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Chapter 2: CVD MoS2 Materials Growth 
 
2.1 CVD process in close environment furnace 
The large area MoS2 few layered material in this study was grown by chemical vapor 
deposition (CVD) method on 0001-oriented sapphire substrate through collaborations 
with Prof. Siddharth Rajan and Yiying Wu’s research groups at OSU. In this process, 
bulk MoS2 powders were used as sulfur vapor source precursor so that the sulfur would 
be supplied over a long period of time for the growth of the few layered materials. In this 
process the tube was evacuated first to create vacuum condition of material growth. The 
Mo source was first deposited on the sapphire wafer through e-beam evaporation creating 
uniform and large-area film coverage on the surface. Therefore, the few layer film was 
achieved by the evaporation of few layer Mo metal on the sapphire surface. As shown in 
Figure 1 [12], the wafer and MoS2 powder were placed in separate boats to facilitate the 
uniform sulfur concentration over growth.  
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Figure 1: Illustration of large area MoS2 growth in closed environment [12]. 
In result, high quality 6 nm thick few layer MoS2 films are grown confirmed by cross-
sectional Transmission electron microscopy (TEM), Raman Spectroscopy, and Atomic 
Force Micrograph (AFM) as shown in Figure 2a to 2c below [12]. 
 
 
Figure 2 [12]: Few Layer MoS2 material properties as grown by close environment CVD 
(a) TEM image showing the 6nm thick channel. Also, the inter layer single crystal structure 
is confirmed. (b) Raman Spectra showing consistence of CVD grown film and bulk MoS2 
material with two characteristic peak position at E12g = 382 cm-1 and A1g = 407 cm-1. (c) 
Atomic force micrograph on a 5µm×5µm square area implying large area film coverage 
and hexagonal crystal morphology. 
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2.2 CVD process in inert gas flowing furnace 
Due to potential industrial prospect of large scale and high efficiency growth of MoS2 
materials, we proceed to the design the process of open atmosphere condition growth of 
material growth using e-beam deposited Mo on (0001) oriented sapphire substrate. In this 
design, Ar gas was used as inert gas source to reduce the influence of oxidation from the 
atmosphere. However, the tube scale and Ar gas flow rate limited the success growth in 
this process. Therefore, we applied Ar gas purging over the furnace tube for 20 min 
before the process begin for eliminating environmental conditions. And we applied Ar 
gas purging for another 20 min after the process to reduce sulfur vapors in the tube for 
safety. In our initial design, uniform furnace temperature coverage was applied over the 
tube without Ar gas flowing at 1100 ºC with 3 hr growth time. However, the resulting 
film grown is oxidized resulting in MoO3 materials spread over the furnace tube and 
material surface. This gave insight on how precise the temperature and gas environment 
should be controlled over the furnace. 
 
Figure 3: Illustration of large area MoS2 growth in open atmosphere environment. 
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After multiple trails and runs, we considered adding Sulfur powder into the furnace to 
increase the sulfur vapor concentration. Therefore, the Mo film on the wafer surface 
would have more chances of being reacted into MoS2 film rather than oxidized. The 
amount of powder was increased to 5g of MoS2 powder and 5g of sulfur powder, 
sustaining a longer period of growth, which is 5 hr considering the dis-association rate of 
MoS2 powder into sulfur vapors. Also, we kept Ar gas purging at a higher rate for the 
entire film growth process to eliminated the interference of oxidation.  increased the 
amount of powder sustaining a longer period of growth, which is 5 hr considering the dis-
association rate of MoS2 powder into sulfur vapors. 
 
In result, we achieved small area materials grown on the surface of the Al2O3 as 
confirmed by Raman Spectroscopy. However, the characteristic Raman shifts only occur 
at a few laser spot positions on the film grown as shown in Figure 4. The ideal shown 
here is sample as shown by the close environment furnace as discussed in Chapter 2.1, 
and sample 144 here is achieved through applied side covers in guiding sulfur vapor to 
the sample surface with 4 hrs of CVD process at 900ºC. 
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Figure 4: Few Layer MoS2 material properties as grown by open environment CVD (a) 
Raman Spectra of the optimized sample comparing with ideal case (b) Optical Image of 
Laser Spot Applied in Raman Spectroscopy. 
 
2.3 Device Configuration 
The device is fabricated by previous group members with optimized ohmic source and 
drain contacts using Ti/Au metal using the CVD grown few layer sample in close 
environment (Chapter 2.1). After proper device process technologies, such as rapid 
thermal anneal (RTA) and ion bombardment, we achieved sheet resistivity of the 
fabricated two terminal metal semiconductor metal (MSM) device as ρs=1.9×105 Ω/◻, 
and specific contact resistivity as ρc=8.4×10-5 Ω×cm2 [18]. As shown in Figure 5, the 
device under test of the low frequency noise study has a channel spacing of 6µm, and the 
channel length is 50µm. Therefore, we would be able to focus on the device transport 
mechanisms of the few layer MoS2 channel itself not associated with interfacial states or 
traps within the gate dielectric. 
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Figure 5: Two-terminal Few Layer MoS2 Device Under Test. 
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Chapter 3: Device Carrier Transport Study as Motivation of this study 
 
Previously, researchers have demonstrated temperature dependent carrier transport 
studies on various mono-layer and few-layer MoS2 devices [19, 20, 21]. The main 
conclusion is that the device is dominated by thermally activated band transport at high 
temperatures, variable range hopping at low temperatures, and resonant tunneling at 
extremely low temperature [20, 21]. However, the exact temperature regions remain to be 
idiosyncratic to the material crystal quality, layer thickness, etc. In our previous study (as 
shown in Figure 6 below) on the specific device under test of this project, it has been 
proved [21] that the device is dominated by thermally activated band transport when 
T>180K, Efros-Schklovskii variable range hopping when 50K<T<180K, and resonant 
tunneling when T<50K. 
 
 
Figure 6: Summary of Device Transport Results. 
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Such carrier transport mechanisms were studied through the study of AC impedance 
analysis from 20Hz to 1 MHz with 1V DC bias and 10 mV AC signal amplitude, and DC 
I-V characteristics from -20V to 20V.  Also, by fitting the data to separate regions of I-V 
curve (Fig. 7a), the mobility and carrier concentration of the device at each temperature 
could be extracted regarding Mott Gurney law for space charge limited conduction 
(SCLC) [12] carrier transport in semiconductors (Equation 7).  Here L = 50µm is the 
channel length; t = 6nm is the layer thickness; and d = 6µm is the channel spacing.  
 
I = ௤ ௡ ఓ ௧ ௅
ௗ
 𝑉 + ଶ ఢ ఓ ௅
గ ௗమ
𝑉ଶ                              (4) 
 
As shown in the figure 7b, the mobility increases with increasing temperature, which 
implies that device carrier transport is strongly dominated by defect scattering 
mechanism. The study of low frequency noise could provide us further information on 
such dependence of carrier mobility.  
 
Figure 7: Device DC-IV characteristics under temperature variations (a) Sample I-V 
characteristics of the device at 300K (b) Extracted mobility and carrier concentration. 
Mobility was linearly fitted in log-log plot with slope of 0.96±0.02. 
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Therefore, an important question to answer is that how the low frequency noise in these 
devices are relevant to the carrier transport mechanisms. This is the motivation of this 
thesis research: to investigate the correlation between the low frequency noise 
performance and the carrier transport processes.  
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Chapter 4: Low Frequency Noise Device Testing Method Design 
 
To properly measure the low frequency noise characteristics of the system, precise 
controls of input and output signals are required so that the noise spectrum density is 
accurately measured in the spectrum analyzer. All our measurements were taken place 
under vacuum condition (10-8 Torr) in Lake Shore TTP4 Cryogenic Probe Station. Also, 
precise measurement of noise was performed using Agilent E4440A Spectrum Analyzer 
and SR570 Low-Noise Current Preamplifier.  
 
The SR570 provided proper current offset and amplification to the signals before being 
analyzed by E4440A spectrum analyzer with reducing influence from atmosphere 
condition. Also, the DC bias of the device was achieved through the battery of SR570 to 
eliminated systematic power line noise. The detailed setup of the device under test (DUT) 
is shown in Figure 8 below. The front-end amplifier is applied with feedback resistor to 
adjust the amplification of input current signal as noise signal sensitivity control and to 
introduce current offset , filter 1 and 2 is applied as a bandpass filter to focus on the 
measurement of signal within desired frequency range. 
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Figure 8: Setup Illustration of Low Frequency Noise Measurement, the block diagram of 
SR 570 is accessed from [22]. 
 
To be able to accurately measure the low frequency noise of the device, the preamplifier 
was set to sensitivity level of 100 nA/V offer the optimal amplification to the signals over 
a wide range of temperature. The input current level offset is selected to be as close to the 
actual current value as possible. The built-in filter of the preamplifier was set to band 
pass mode ranging from 0.3 Hz to 1 MHz with low noise gain mode. After the output 
signal from the preamplifier is delivered to the spectrum analyzer. The noise power 
spectrum density would be measured over the frequency range from 1 Hz to 2 kHz 
considering the accuracy of preamplifier output. Also, the signal was being measured for 
20 times to provide stable and average values of the low frequency noise. Also, to 
provide the temperature dependent study of the device transport mechanisms, liquid 
Nitrogen and liquid Helium were used as cryogenic sources for cooling the probe station 
after the inner chamber was evacuated to 10-8 Torr. All of our measurements were thus 
done in vacuum environment.  
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Chapter 5: Results and Discussion 
 
The noise on MoS2 devices are reported to be dependent on layer thickness, contact quality, 
gate voltage etc [23, 24, 25, 26]. For examples, the normalized noise power spectrum 
density (PSD_Norm) was determined by channel and contact resistance [26]; “M” shape 
pattern dependence of PSD_Norm on gate voltage were discovered to be related to trap 
states [27]; the PSD_Norm increased to maximum magnitude level when there is six layers 
of MoS2  proposedby the study done by Sharma [23]. 
 
Low frequency 1/f noise (LFN) measurements on our few layer device were performed 
from 10 Hz to 2000 Hz, with 0.5V to 5V applied DC bias. The PSD_Norm (normalized 
power spectrum density) as shown in Figure 9, and Figure 10 under 55K to 300K indicates 
the universal validness of fβ noise with β close to -1. Also, the β factor in Equation 3 is also 
extracted as shown in Figure 11 below.  
 
Figure 9:  Measured 1/f Noise Spectrum with Temperature Variation at 3V 
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Figure 10: Measured 1/f Noise Spectrum with Biasing Voltage Variation at 300K 
 
Figure 11: Extraction of β factor in 1/fβ noise over the temperature range under selected 
biasing voltage condition. 
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5.1 Low Frequency Noise Performance when T>180K correlated with band transport 
The first property to investigate about the noise mechanism is to determine whether it is 
mobility fluctuation mechanism or carrier number fluctuation mechanism dominant [17]. 
For mobility fluctuation, one would expect universal validness of Hooge noise model in 
Equation 5 to Equation 8 [17]. It is shown that the normalized power spectrum density 
would be following power law dependence of drain current with -1 regardless of the 
regions of operation. Here W is the channel width, µ is the effective mobility over the entire 
channel, and L is channel length. Also, the noise could be independent of VDS in 
subthreshold region as the drain current and total charge Qi is independent when VDS >> 
kT/q. 
 
𝐼஽ = 𝑊 𝜇 𝑄௜(𝑥) 𝑑𝑉 𝑑𝑥ൗ  in saturation region     (5)  
ௌ಺
ூమ
= ௤ ఈಹ
௙ௐ௅మ ∫
ௗ௫
ொ೔(௫)
௅
଴ =
௤ ఈಹ
௙ௐ௅మ ∫
ௐ ఓ 
ூವ
𝑑𝑉௏೏ೞ଴ =
௤ ௏೏ೞ,ೞೌ೟ ఈಹ ఓ
 ௙ ௅మூವ
    (6) 
𝐼஽ =
ௐ ௞்ఓ 
௤
 𝑄௜(𝑥) 𝑑𝑥ൗ   in linear and subthreshold region  
as dominated by diffusion    (7) 
ௌ಺
ூమ
=  ఈಹ ఓ ଶ௞்
 ௙ ௅మூವ
          (8) 
 
Another fluctuation mechanism, carrier number fluctuation is caused by generation 
recombination of carrier numbers in the channel. Such mechanism is mainly analyzed by 
McWhorter [17]. The main conclusion is that the normalized noise could be modeled 
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approximately as below in Equation 9. Here λ is the tunneling attenuation length predicted 
by WKB theory as shown in Equation 10. 
 
ௌ಺
ூమ
=  ௤
మ௞்ఒ ே೟
 ௙ ௐ ௅ ஼ೀ೉
మ  
ଵ
(௏ಸೄି௏೅)మ
        (9) 
𝜆 = (ସగ
௛ ඥ2 𝑚 𝜙஻)
ିଵ         (10) 
 
Figure 12: Simulation of noise fluctuation mechanisms on a standard Si p-MOSFET. [17] 
 
Thus, simulation of these two models could be achieved for a regular pMOSFET done by  
Haartman and Ostling [17] using Equations 6 to 10 as shown in Figure 12 above. And in 
our study, similar analysis was done under various temperature conditions to reveal the 
power law dependence of normalized power spectrum density (PSD_Norm) on drain 
current Id. Clear trend of linear dependence on the log-log plot of PSD_Norm vs Id is 
observed as shown in Figure 13a below, and the linear fit slope is plotted over temperature 
regime with error bars in Figure 13b. The large errors in some temperatures are attributed 
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to non-linearity of the trend when the device were biased at higher voltages. As a result, fit 
slope is around -1 when T>180K. 
 
Figure 13: (a) Sample PSD_Norm vs Id relationship at 210K (b) Temperature dependent 
analysis of PSD_Norm vs Id linear fit slope (extracted from Fig. 13a) with error bars 
 
Trend of fit slope closing to -1 gives us evidence that the noise mechanism follows Hooge’s 
mobility fluctuation model when T>180K. Also, the mobility fluctuation dominated device 
transport is compliable with our expectation regarding the imperfect material quality in 
each separate layer of the few layer structure. As discussed in the carrier fluctuation model, 
the change of carrier concentration is derived because of carrier tunneling from the channel 
to gate terminal through trap states in the insulating layer. The carrier number fluctuation 
in this device is suppressed since there is no gate terminal introducing change of carrier 
concentration. Such mobility fluctuation could be caused by mainly impurity scattering 
mechanisms. Other scattering mechanisms such as surface roughness, and Coulomb 
scattering caused by floating gate [25] would also be considered in contribution to the 
mobility fluctuation. Also, this mobility fluctuation mechanism model is derived under the 
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assumption of carrier injection from source to drain of band transport theory. Therefore, 
this validated the previous noise transport phenomena study. 
 
Another interesting feature of the spectrum is the peaks values of PSD_Norm over 
temperature. This forms an “M” shape dependence (Figure 14) of the noise under the 
previous discussed band transport regime with consistence over all frequencies. Critical 
transition temperatures around 240K and 270K were discovered. 
 
Figure 14: Temperature Dependent Analysis of Normalized Power Spectrum Density at 
10Hz and 100Hz. 
 
 
Similar trends were also observed in graphene and MoS2 with the variation of gate voltage 
[27, 28, 29]. In these reports, the origin of this shape comes from the topological structure 
of the 2D material. The noise power spectrum density follows a V-shape dependence of 
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gate voltage reaching its minimum level near Dirac point voltage attributed to the spatial 
charge inhomogeneity [28]. Here in our study, we expect the origin of “W” to be the change 
of scattering state occupation with temperature variations. When temperature is increased, 
the scattering relaxation time at certain biasing condition is varied. At 255K, we observe a 
sudden decrease of noise level, with two other peak spectrum density at 225K and 270K. 
This is because of the material crystal quality creating various defect states. At these 
characteristic temperatures, certain defect scattering states population are charged thus 
changing the effectiveness of mobility fluctuation in carrier transport. As shown in Figure 
15, when temperature is further increased (fermi level moves towards conduction band 
edge), one type of defect scattering state occupation becomes deactivated while another 
come into dominance as possible S2- vacancies transferred into S1- vacancies with 
increasing electron population.  
 
Figure 15: Illustration of proposing mechanism forming “W” shape dependence of 
normalized power spectrum density over temperature. 
 
Also, the effect of surface roughness scattering mechanisms remains to be another potential 
cause of such phenomenon. At lower temperature, although there might be potentially other 
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scattering mechanisms involved to change the spectrum density expected by this model, 
the noise mechanism itself would not be dominated by such mechanism rather by electron 
hopping phenomenon (T<180K), which will be discussed later. Therefore, such 
phenomenon only occurs at this temperature range.  
 
Noise performance influenced by multiple scattering events was also observed in graphene 
devices [30] originating from elemental scattering event of the device. In abstract, it was 
described by the elemental mobility fluctuation model by Equation 11 [30], where 𝑁௧
ఓis 
the concentration of scattering centers contributing to the noise, Λ is the mean free path of 
the charge carriers, ς is the probability for a scattering center to be in the state with state 1 
with cross section σ, V is the channel volume, and τ is the characteristic relaxation time of 
each defect level.  
 
ௌ಺
ூమ
∝ ே೟
ഋ 
௏
ఛ చ (ଵିచ)
ଵା(ఠఛ)మ
 𝛬ଶ(𝜎ଶ − 𝜎ଵ)ଶ       (11) 
 
By integrating Equation 11 with appropriate distribution function of relaxation time [30], 
one would expect the noise to be dominated by 1/f trend. Therefore, when the scattering 
relaxation time was varied with temperature, noise amplitude would also be varied. Further 
analysis on such phenomena is to be clarified with study of three terminal devices. Such 
mechanism must be the dominant effect since the device transport was proved to be 
mobility fluctuation above. 
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5.2 Low Frequency Noise Performance when T<180K correlated with variable range 
hopping transport 
Various hopping noise theories were proposed in this area before regarding the cause of 
fluctuation. Shklovskii [31] proposed the “concentration” model due to fluctuations of the 
number of electrons belonging to the infinite cluster of donors responsible for conductivity. 
The fluctuations are caused by slow exchange of electrons between the infinite cluster and 
isolated donor clusters in the noise with temperature dependent relation in Hooge’s 
parameter. Also, Kozub proposed the “mobility” approach (dipolar model) [32]  due to the 
fluctuation of hopping site energy. The fluctuations are related to changes of local 
potentials [32] due to electron hopping within some pairs of sites not incorporated into the 
percolation cluster; such pairs were defined as hopping fluctuators as shown in Figure 16. 
 
 
Figure 16: Illustration of Electron Hopping Noise Proposed by Kozub. 
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Equation 12a was the original theory derived by Kozub based on the exponential hopping 
conductivity equations as an analog to Hooge’s noise relationship, and Equation 12c 
simplified the terms with the assumption made in Equation 12b, and uniform distribution 
of fluctuator density of states. Here (rςc/L) is the percolation cluster behavior factor, P(T) 
is the dislocation distribution function, l(ω) is the spatial separation between hopping sites 
forming the fluctuator. Therefore, PSD_Norm would follow the T-3/2 dependence for 
Variable Range Hopping (VRH) [32]. In this case, we assumed r < Rmin < l, where Rmin is 
the distant from the hopping sites to a nearest fluctuator. This is based on the comparison 
of Coulumb center potential and electron hopping range. For variable range hopping, one 
would have e2/l < kT <e2/r. 
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   for dipolar model of electric potential with dipole spacing as d,  
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In regards to such mechanisms in our devices, the normalized power spectrum density 
(PSD_Norm) on a log-log scale as (Fig. 17) showed that PSD_Norm ∝ T-k dependence 
from 75K to 180K with k is close to 3/2, which indicates that the device is dominated by 
variable range hopping transport mechanism. The results of fitting to the power law slope 
at 10 Hz is -1.45 ± 0.31, and at 100 Hz is -1.26 ± 0.47 showing the consistence of 
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hopping noise trend. This overall trend of regional fit corresponds to the dipolar model of 
Kozub [32] (Equation 12b). The error of our fitting is larger than expected system 
random error, which involves further investigation of the noise level. Thus, another 
fitting is performed on the data from 105K to 180K, we achieved a higher value of k 
around 1.62 ± 0.14 for 10Hz, and 100Hz with the error reduced to a smaller range. 
Although these two regimes of fitting introduced potential deviation of model from 75K 
to 105K, variable range hopping noise mechanism from 75K to 180K is still the dominant 
effect. However, the noise amplitude does not follow the above theory from 55K to 75K. 
One possible explanation of this irregular trend is the transition of hopping conduction to 
another transport mechanism when T<50K. The low temperature transport phenomena 
suggested by previous works is dominated by resonant tunneling [20,21]. From our work, 
it suggests that the noise transport mechanism would be altered when T<75K. 
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Figure 17: Temperature dependent analysis of normalized noise spectrum density 
(PSD_Norm) at 3V on log-log scale. 
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5.3 Low Frequency Noise Performance when T>180K potentially correlated with 
resonant tunneling transport 
When the temperature was lower than 50K, we observed a unique low frequency noise 
spectrum (Figure 16), which has not been shown before. As reference to previous transport 
evidence [21], this extremely low temperature regime was dominated by resonant 
tunneling. The regular Hooge’s empirical equation and generation-recombination 
description of the noise was not valid here to fit the spectrum. Our result implies the 
resonant of noise spectra under the measured frequency range. There were no studies 
proven the existence of peaks in the low frequency noise spectrum.  
 
Figure 18: Measured Noise Spectrum at 10K, similar spectra were also observed at other 
temperature when T<50K 
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Figure 19: Measured Noise Spectrum at 40K, whereas the frequency dependence of the 
peak is less obvious than that of 10K 
 
Here we suggest a qualitative explanation of this noise spectrum relating to resonant 
tunneling. Previously, there have been reports [33] on the resonant tunneling transport 
phenomena in other systems such as Si Inversion Layers in metal-oxide-semiconductor 
field-effect transistors. In these devices, non-pure Lorentzian peaks of conductance with 
variation of gate voltage at extremely low temperatures were observed. This comes from 
the localization length L0 in comparison with sample dimension, maximum conductance 
when the resonant site is at the center of the sample spatially [33]. In our experiment, we 
applied DC bias on the channel allowing certain occupation of states.  
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In one biasing condition, the frequency response of the conductance at different frequencies 
were varied with different biasing condition as the localization length L0 changes, different 
resonant tunneling sites were activated in response to the frequency signal input. Maximum 
channel conductance is obtained when resonant site is exactly at the center of the sample. 
This gives the tiny variation of the conductance which were amplified in the noise 
spectrum. The shift of the peaks as shown in Figure 18 under different biasing conditions 
would thus be understood regarding the change of energy to the system. Also, such 
phenomenon is more obvious at lower temperatures when comparing Figure 18 and Figure 
19. To understand this phenomenon, we suggest that there is less occupation of resonant 
tunneling sites at lower temperatures. Therefore, higher temperature noise spectrum is 
independent of the DC biasing condition because of the higher carrier occupation of states 
with increasing thermal energy. 
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Chapter 6: Conclusion 
 
In this study, we reported the design progress of our study on large area few layer MoS2 
through chemical vapor deposition (CVD) on (0001) oriented sapphire substrate in open 
environment condition. Limited material coverage of MoS2 film grown on the substrate 
was found, which gave us insights on future works in improving this design process. 
Such process would facilitate the material deposition process design in a wide range of 
applications. 
 
Also, temperature dependent low frequency noise studies were conducted on our two 
terminal CVD grown few layer MoS2 device grown in close environment. Such studies 
are especially important for devices based on low dimensional semiconductors because of 
their high surface to volume ratio. The noise spectra and the discussion above gave 
evidences of transport phenomenon under different temperature regimes corresponding to 
previous investigations on carrier transport phenomena of such devices [21]. Mobility 
fluctuation noise mechanism is dominant when T>180K under band transport regime. 
This was proved by investigating the linear fit slope of normalized noise power spectrum 
density (PSD_Norm) with DC biasing current. The ubiquitous phenomena of “M” shape 
temperature dependent (210K<T<265K) on the noise spectrum density was observed. 
Further theoretical and experimental studies on three terminals gated few layer MoS2 
devices are required for such phenomena. Also, variable range hopping transport was 
confirmed under 75K<T<180K with the fitting of PSD_Norm to temperature having T-3/2 
dependence. The deviation from hopping noise trend of noise spectrum density at low 
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temperatures (50<T<75K) indicated involvement of other noise and transport 
mechanisms at lower temperatures. These above results gave us the ideas of using low 
frequency noise study as an effective way to analyze electron transport mechanisms 
under various conditions. Non-Lorentzian noise spectra were observed when T<50K 
potentially related to resonant tunneling transport mechanisms. Qualitative explanation of 
such phenomenon was proposed while requiring further theoretical studies. 
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